The purpose of a laser heater is to increase the electron beam uncorrelated energy spread as a way to control and ideally suppress the microbunching instability in the linac drive for x-rays FELs. We review the motivations for equipping FERMI with a laser heater and provide a specification for the basics parameters as well as a description of a practical layout including desired diagnostics provisions for both the electron and laser beams. We also outline some useful operational guidelines for commissioning.
Introduction
The concept of laser heater was proposed in [1] and soon after followed-up in [2] as an effective device for controlling the microbunching instability in the drive linac for x-rays FELs. The immediate action of a laser heater is to increase the uncorrelated energy spread of the electron beam after injection.
The effect of an increased energy spread on the microbunching instability is illustrated in Figure 1 . The figure shows results from simulations of the final uncorrelated slice energy spread at the end of FERMI linac as a function of the initial uncorrelated energy spread at the beginning of the linac. Two sets of data are presented corresponding to two alternate FERMI lattices with one and two chicanes for bunch compression. The fairly large final energy spreads seen in the left part of the plots for both data sets at small values of the initial energy spread are due to the microbunching instability. In these simulations the microbunching instability is seeded by a random perturbation of the initial electron beam density meant to model the effect of shot noise. These initially small perturbations are amplified by the instability as the beam travels through the chicane(s) because of collective forces. The net result at the exit of the linac can be a beam with sizeable density modulation and unacceptably large energy spread. The error bars in the figure give the range of the energy spread values at the exit of the linac for various seeds used to generate the initial random perturbations.
Figure 1. Uncorrelated rms energy spread for the beam at the exit of the linac as a function of that of the beam at injection for two alternate FERMI lattices with one and two bunch compressors (BC). The error bars show the range of the energy spread resulting from various random realizations of the initial noise seeding the instability.
By increasing the energy spread in the beam at the start of the linac (x-axis of Figure 1 ) one promotes mixing of the electron trajectories within the bunch, which counters the clustering of the beam density caused by the instability. One can observe that by increasing the initial energy spread the microbunching instability gradually looses its strength as the mixing mechanism becomes more and more effective. However, continuing to increase the initial energy spread beyond a certain value becomes counterproductive as the final rms energy spread cannot be smaller than the product between the initial rms energy spread and the compression factor (dashed line in the figure) . As a result, as we keep increasing the initial energy spread we observe the appearance of a fairly shallow minimum past which the final energy spread begins to grow. This is the point where the microbunching instability is effectively damped and where the laser heater should operate. The simulations showed in Fig.1 were carried out with a Vlasov solver [3, 4] developed specifically to study the longitudinal beam dynamics in linacs.
The way the laser heater operates to increase the energy spread of an electron bunch is the following. The electron beam propagates along an undulator located inside a small chicane together with a longer laser pulse. An electron beam energy of 100 MeV, laser light wavelength of 800 nm, an undulator period of 4 cm and the undulator parameter K are chosen to yield a so-called FEL resonance condition when the laser light interacts with the electrons. During the interaction, some electrons gain energy and some electrons loose energy and, as a result, immediately after the undulator the electron bunch displays an energy modulation that reproduces the sinusoidal footprint of the laser pulse. However, because the laser intensity has a transverse Gaussian profile the amplitude of energy modulation varies depending on electron horizontal and vertical coordinates within each slice of the electron bunch. Past the undulator the electrons travel through the last two bending magnets of the chicane. The pathlengths of the electron trajectories through these magnets are different and depend on the electrons horizontal coordinate. Thus, at the end of the chicane the electrons in neighboring slices mix. This mixing destroys the regular sinusoidal pattern of energy modulation imposed by the laser pulse and creates a mix of electron energies within each slice of the electron bunch. The result is the appearance of a net increase of uncorrelated energy spread. Evidently, one important parameter defining the performance of the laser heater is the relative overlap of the laser light and the electron beam. For example, if the laser beam size at the focus 0 w is much larger than the electron beam size x σ , then all the electrons within the same slice will get the same energy change independent from their radial off-set. The analysis in [2, 5, 6] shows that the best result producing the most effective mix of the electron energies can be achieved when In practice, the electron beam may not have identical transverse sizes in all slices along the electron bunch. In fact, according to [7] the FERMI injector has been designed to produce a particle distribution with a ramp in the peak current and a side effect of that is appearance of a rather significant variation of the bunch transverse sizes along the longitudinal coordinate. Therefore, the optimal choice of 0 w must be made such as to balance the variations in the energy spread produced by the laser heater along the electron bunch considering all slices within the electron bunch. To confirm this and to gain an understanding of what should be the optimal 0 w we performed simulations with various ratios of As discussed before, there will be a need to adjust the magnitude of the energy spread produced by the laser heater. One can do it by adjusting the laser beam peak power going into the undulator (without affecting the laser beam spot size). We estimate that the laser beam with peak power of the order of 2 MW will produce the energy spread of the order of 10 keV. The requirement to the laser power scales quadratic with the projected energy spread. Thus, one may consider that 8 MW laser could be sufficient to broaden the dynamic range in energy spread to 20 keV. Although 20 keV rms energy spread after the laser heater may seem to be excessive for a control on microbunching instability in the case of a one-BC lattice, we argue that it is needed for a safety margin. We also note that linac operation with two bunch compressors requires larger beam energy spread to get rid of the instability [8] (see Figure 1 ). We also consider that likely more laser beam power than predicted will be required considering known discrepancies between predicted energy modulation and measured energy modulation in "slicing" experiments at ALS and BESSY [9] .
Finally we show in Figure 3 slice electron beam energy spread at the end of the spreader calculated using IMPACT code [8] using 1 billion macroparticles. In both cases 0 w was chosen approximately equal to the value of x σ averaged over all beam slices. The first and the second case in Figure 3 are different by assumed laser peak power. Four times smaller laser peak power was assumed in the second case compared to the first case. We explain the variation of the slice energy spread along the electron bunch seen in both cases by variation in the vertical and horizontal electron beam sizes along the electron bunch in the laser heater. 
Design considerations and layout
We propose to build laser heater as a system consisting of three regions (see Figure 4 ): 1) pre chicane beam transport 2) laser heater chicane 3) post chicane beam transport with a diagnostics branch line and a beam dump.
The first region, pre chicane beam transport, will include four quadrupoles for optics matching of the injector optics into the laser heater optics. These quadrupoles will provide the required flexibility to account for possible lattice mismatch in the upstream injector. Therefore we will build them with a maximum gradient of the magnetic field exceeding currently assumed value in the nominal lattice by at least a factor of two. We will include here additional elements for trajectory correction and diagnostic, namely, two steering magnets and three BPMs and will separate the last two BPMs by approximately 2-m long drift space that will allow us to continuously monitor the alignment of the electron beam with respect to the magnetic centers of the quadrupoles and made correction for a position and angle of the electron beam trajectory.
In the nominal lattice, the pre chicane quadrupoles provide minimum beta-functions (beam focus) in both transverse planes in the undulator center. One can take advantage of this setting and use three OTR monitors or fluorescent screens (to be defined latter which monitor is better) symmetrically spaced with respect to the beam crossover for emittance measurement in both transverse planes when laser heater chicane is switched off. As an alternative and complimentary diagnostics we consider using three wire scanners located next to the screens. These instruments could be more reliable than screens when the electron beam microbunching is taken place.
Pre chicane region is also convenient place for a location of the bunch phase monitor (BPhM) which can be used for monitoring the arrival time of the electron bunch. The second region, the laser heater chicane shown in Figure 5 , will include four bending magnets forming a chicane where the two inner magnets will be positioned slightly off axis. The laser heater undulator will be positioned on a straight line trajectory between second and third bending magnet leaving a space to its right (see Figure 5 ) for additional instrumentation not specified here. The vacuum chamber in the laser heater chicane will be build to allow a straight path for the electron beam when chicane's magnets will be switched off. This is considered to be important for commissioning and for emittance measurements as discussed above. The laser beam will be brought into the undulator through a vacuum window located upstream of the second bending magnet. Similar window assembly will be used downstream of the third bend for diagnostics purposes (see discussion in Sec. 3.). The sizes for the upstream and downstream window will be chosen to accommodate foreseeable variations of the laser beam size 0 w at the focus. Electron beam and laser beam diagnostic inside the vacuum chamber of the laser heater will include two screens to be used for alignment of the laser and electron beams and one BPM to be also used for alignment and also for continuous monitoring of the electron beam trajectory. The downstream port after the third bending magnet will be used for diagnostic of the electron beam spontaneous emission from the undulator and for diagnostic of the laser beam (see discussion below and also in Sec. 3). A further development of this diagnostic channel should be considered at a later time. We make the following assumptions for the laser: the laser system should be capable of delivering power up to 40 MW (see discussion above), a ~ 20 ps pulse width and M 2 factor less than 1.2. A capability to control laser pulse width, chirp, and phase front, and a capability to maintain stable alignment over the laser beam transport to the front of the laser heater "laser beam control system" shown in Figure 6 is also assumed.
Figure 6. Laser beam control system block diagram. Optical components in the laser beam control subsystem include energy, timing, focusing and alignments controls.
The third region, the post chicane beam transport with a diagnostics branch line and a beam dump, contains a straight line for a beam transport into the following linac and a side line for a beam dump and energy spectrometer. The straight beam transport line will include three quadrupoles for beam focusing, two steering magnets for the trajectory correction, and two BPMs for monitoring of the electron beam orbit. It will also have one OTR or fluorescent screen to be used for the emittance measurement and trajectory alignment. The side beamline will include bending magnet and a quadrupole after the bending magnet (not shown in Figure 4) . This beamline will serve as the intermediate beam dump during injector commissioning and as an energy spectrometer. In its spectrometer option, two quadrupoles, one upstream to the magnet and one downstream to the magnet will be used to maximizes the dispersion and minimize the horizontal betafunction at the OTR monitor upstream of the dump. To enhance convenience of the operation of this side beamline, BPM will also be used upstream of the OTR monitor.
The specifications for magnetic elements, i.e. quadrupoles, bending magnets, steering magnets, and required tolerances are reported in Tables 1-3 . 
Guidelines for the development and installation of the Laser Heater

Commissioning objectives and strategy
The main objective of the laser heater commissioning is to obtain a full functionality of this instrument as described in the previous section including functionality of additional diagnostics associated with it. This will require establishing electron beam and laser beam trajectories through undulator with spatial and time overlap of both beams, establishing control over electron and laser beam sizes in the undulator and adjusting them to obtain the nominal values, and, finally, characterization of the laser heater process. These goals can be further subdivided into several steps listed here in a logical order (and further elaborated in 3.2):
1) Assemble and test all equipment prior to installation in the accelerator tunnel.
2) Assemble all equipment in the accelerator tunnel and test it without electron beam.
3) Establish unrestricted electron beam pass into the intermediate dump with
all magnetic elements being switched off except the final bending magnet leading to the dump. 4) Characterize pulse-to-pulse jitter of the electron beam trajectory in two transverse planes after injector to be sure that it is consistent with required tolerance, i.e less than 30 micron rms trajectory jitter inside the undulator. 5) Turn on quadrupole lenses one at a time and perform beam based alignment for each quadrupole individually. 6) Turn on four quadrupoles upstream of the chicane and tweak them to obtain nominal beam size at a focus and nearby OTR monitors or fluorescent screens. 7) Measure electron beam profile using wire scanners and cross calibrate these measurements with measurements obtained using OTR monitors or fluorescent screens. 8) Refine beam focusing based on better understanding of the beam sizes. 9) Characterize pulse-to-pulse jitter of the electron beam trajectory in two transverse planes at the focus and make sure that it is consistent with required tolerance and prior measurements without quadrupoles turned on. 10) Turn on chicane magnets and establish unrestricted electron beam pass into the intermediate dump. 11) Characterize pulse-to-pulse jitter of the electron beam trajectory after chicane with chicane magnets turned on. 12) Turn on quadrupoles before and after bending magnet leading to the dump following the same procedure described in items 5 through 8. 13) Calibrate electron beam energy using bending magnet leading to the dump. 14) Do beam based calibration of all BPMs and establish "golden" orbit. 15) Without the electron beam establish unrestricted laser beam pass through chicane into diagnostics hutch behind exit window. 16) Measure pulse-to-pulse jitter of the laser beam trajectory with laser beam trajectory feedback system turned off. 17) Measure pulse-to-pulse jitter of the laser beam trajectory with laser beam trajectory feedback system turned on and make sure that it is consistent with required tolerance. 18) Establish laser beam focus in the center of the undulator vacuum chamber. 19) Measure laser beam spot size at several location inside and outside of the vacuum chamber and adjust it to be in agreement with calculated sizes based on consideration of the electron beam size at the undulator center. 20) Measure and adjust polarization of the laser light. 21) Establish "golden" path for the laser beam. 22) Install undulator and close undulator jaws to a designed gap. 23) Re-establish "golden" orbit for the electron beam. 24) Observe spontaneous emission of electrons in undulator and adjust the undulator gap to obtain a design spectrum. 25) Align laser beam to achieve spatial overlap with the electron beam in both transverse plains at the focus and establish a new "golden" path for the laser beam. 26) Measure timing jitter for the arrival time of the electron bunch using BPhM and make sure that it is consistent with required tolerance. 27) Measure timing jitter for the laser pulse arrival time using fast photodiode and make sure that it is consistent with required tolerance. 28) Achieve overlap in time for the pulse of spontaneous emission and for the laser pulse by adjusting time delay of the laser pulse.
The next logical step is characterization of the performance of the laser heater that requires measuring of the uncorrelated energy spread as function of the laser beam peak power and laser beam spot size in the undulator. A vertical deflecting cavity has its natural location downstream BC1. Since BC1 magnetic chicane will be with a movable chamber allowing the uncompressed beam to go straight, we should be able to measure the beam heating process also for the uncompressed bunch. By deflecting the electron bunch in vertical direction, one should be able to measure slice energy spread using the downstream energy spectrometer. We estimate that energy resolution of 5 keV rms can be obtained there in the case of the slice normalized electron beam emittance of 2 micron. The electron beam would need to be delivered into post BC1 area and it would require commissioning of the post chicane beam transport and downstream linac sections connecting the laser heater chicane and BC1. As a back-up option, we suggest using the available free space in the laser heater chicane and temporarily move there the deflecting cavity. In this case the electron beam dump downstream of the laser heater chicane could be used as a spectrometer and for measurements of the beam slice energy spread. We estimate that energy resolution better than 4 keV rms can be obtained there in the case of the slice normalized electron beam emittance of 2 micron.
Commissioning process
Here we will discuss in more detail several items listed above. We will skip detail discussion for items that seem to be self explanatory.
Step 1): Control assembly of all equipment, i.e.: a) assemble all supporting structures, quadrupole lenses, bending magnets, steering magnets, vacuum chambers, vacuum pumps and monitors, vacuum windows, diagnostic elements including OTR monitors, fluorescence screens, BPMs, BPhM, wire scanners, and a beam dump; b) obtain design vacuum; c) connect all magnetic elements to respective power supplies and controls and check polarity of magnetic field and functionality of all controls; d) equip in-vacuum diagnostics with external equipment, i.e. optics, cameras, controls and check their functionality; e) assemble three laser beam subsystems, i.e. laser beam control, laser beam input diagnostics, and laser beam output diagnostics, and check their functionality.
Step 2): Install all equipment in the linac tunnel and repeat everything what was described in Step 1); integrate equipment with undulator and its supporting structure. Then, remove undulator until Step 22) of commissioning restricting its exposure to excessive radiation.
Step 3): Use steering magnets upstream to the laser heater and bending magnet leading to the dump to steer the electron beam into the dump; record current position of the electron beam on all monitors.
Step 4): Using one quadrupole at a time observe steering of the electron beam trajectory with respect to the recorded positions produced by a quadrupole when it is powered at a maximum strength. Attempt to align each quadrupole to minimize its steering.
Step 5): After setting quadrupole strength at design values measure electron beam size at the downstream OTR monitors or fluorescent screens. Following tuning procedure (to be defined) achieve desirable beam focusing that will result in electron beam matching from the injector into the laser heater.
Step 6): Measure electron beam size with wire scanners and compare these measurements with electron beam size measurements obtained with OTR monitors or fluorescent screens. Then decide regarding relative measurement accuracy and attempt to extract information about electron beam projected emittance in both transverse planes. We anticipate that the transverse space charge forces will have only a mild impact on the beam sizes as one can see in Figure 8 . Step 7): Repeat measurement of the pulse-to-pulse jitter of the electron beam trajectory to make sure that matching quadrupoles do not introduce additional jitter.
Step 8): Calibrate electron beam energy (resolution limited) using measurements of the electron beam position in the middle of the chicane and at the entrance of the dump.
Step 9): Calibrate BPMs by comparing their measurements to electron beam trajectory measured with OTR monitors or fluorescent screens and establish reference (golden) orbit.
Step 10): Achieve co-linearity of the electron beam and laser beam trajectories through undulator and along the straight line between the second and third bending magnets of the chicane observing both beams on fluorescent screens inside the vacuum chamber and in the output diagnostics using spontaneous emission of the electrons in the undulator. Since the two signals are very different in energy, check the alignment of the laser beam with respect to the spontaneous emission by alternating filters using motorized filter holders to adjust both signals within the same sensitivity range of the diagnostics. Record a reference (golden) laser beam path using the output laser beam diagnostic and the input laser beam diagnostics that receives a reflection from the input vacuum window. In principle, using only the output laser beam diagnostics should be sufficient, but we will install also the input laser beam diagnostics in case if possible radiation darkening of the vacuum windows will makes it necessary to monitor this effect and compensate. The same effect may also bias beam alignment sensed through the output diagnostics. Additionally, the input laser beam diagnostics will enable a quick realignment of the laser beam when it is so misaligned as to not transmit through the laser heater at all.
Step 11): Use a fast oscilloscope to coarsely time spontaneous emission and laser pulse, alternately observing them on a high bandwidth photodiode. Adjust a time delay line to achieve timing overlap of two signals.
